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Mid-infrared wavelength switchable and dual-wavelength random laser output has many potential applications. A po-

larization-maintaining random fiber Bragg grating (PMRFBG) array based on the photonic localization effect of lon-

gitudinal invariant transverse disorder in fiber structure is proposed, which can be used as random feedback of 

dual-wavelength and wavelength switchable output of random fiber laser (RFL). The random fiber Bragg grating 

(RFBG) array was designed on the panda-type polarization-maintaining fiber (PMF), and the two center wavelengths 

were 2 151.60 nm and 2 152.22 nm, respectively. The RFBG array was designed on the bow tie-type PMF, and the 

two center wavelengths were obtained, which were 2 153.08 nm and 2 153.96 nm, respectively. The RFBG array with 

a center wavelength of 2 139.27 nm was designed on single-mode fiber (SMF). The length of individual fiber Bragg 

grating (FBG) and PMRFBG, the refractive index modulation depth, the number of cascaded gratings, and the distance 

between gratings have different effects on the full width at half maximum (FWHM) and reflectance of the RFBG and 

PMRFBG array, but not on the central wavelength, as obtained by simulation using the transmission matrix method. 

The designed PMRFBG array provides theoretical support for the design of the feedback mechanism of RFL. 
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Fiber Bragg grating (FBG) is widely used as optical 
component[1-3] in the field of fiber laser[4] and fiber opti-
cal sensing[5] because of its small size, lightweight, cor-
rosion resistance, high immunity to electromagnetic in-
terference[6], low transfer loss[7], and good wavelength 
selectivity. 

As a new type of fiber laser without a fixed resonant 
cavity, the random fiber laser (RFL)[8,9] has become a po-
tential light source for communication, sensing, biology, 
and other fields because of its high efficiency, low cost, 
and small structure. Conventional RFLs based on 
Rayleigh scattering[10] to provide feedback to achieve laser 
output have disadvantages, such as high cost, large overall 
device, low starting threshold, severe mode competition, 
and low slope efficiency. Therefore, random fiber Bragg 
grating (RFBG) is proposed to realize the feedback for the 
excitation of laser of RFL with short cavity by preparing 
an array of randomly spaced gratings on the fiber in terms 
of the photonic localization effect[11,12]. LIZARRAGA et  

al[13] inscribed randomly spaced Bragg gratings of the 
same grid length and the same central wavelength with a 
reflectivity of about 7% to 8% on baited germanium and 
erbium co-doped single-mode fibers (SMFs), and the ran-
dom grating arrays formed a composite resonant cavity 
with a high-quality factor and a gain wavelength range 
around the central wavelength of the grating. With 980 nm 
pump light, the laser output exhibits typical laser threshold 
behavior. ZHANG et al[14] proposed a multi-wavelength 
narrow-linewidth Brillouin RFL based on RFBG which 
can offer 25 000 enhancement scatterers on a 2.5-cm-long 
SMF. The increase of the mode spacing and the improve-
ment of feedback strength by increasing enhancement 
scatterers can initiate Stokes light of order 14 with the 
linewidth of less than 1 kHz and the signal-to-noise ratio 
(SNR) up to 41 dB. Furthermore, POPOV et al[15] gener-
ated an RFL with a relative intensity noise (RIN) of 
−110 dB/Hz and a linewidth of 1 kHz with high efficiency 
(4.5%) as a result of the feedback strength improvement of
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RFBG by building a ring-cavity using new writing tech-
nology. 

Therefore, the role of RFBG as a feedback mechanism 
for RFL is well recognized. Furthermore, the transfer 
matrix method and photonic localization theory allow 
polarization-maintaining FBG (PMFBG) to achieve 
dual-wavelength excitation by providing feedback for 
RFL. Here, the design of resonant mid-infrared wave-
lengths is motivated by the wide applications of 
mid-infrared wavelength lasers in the military[16] and 
biomedical[17] fields. So far, although the RFBG based on 
common SMF and polarization-maintaining fiber (PMF) 
for mid-infrared wavelength laser output couldn’t be 
technologically realized, their simulations such as the 
effects of the period, length, modulation depth, and dif-
ferent spacing of individual FBG and PMFBG on RFBG 
and polarization-maintaining RFBG (PMRFBG) are sig-
nificant and indispensable. 

Since the RFL does not necessarily have a fixed reso-
nant cavity, fiber grating arrays as the feedback unit are 
prepared on a passive SMF and PMF to achieve stable 
outputs, respectively, according to photon localization 
theory and transfer matrix theory. Here, optical charac-

teristics of single-mode RFBG, panda, and bow tie-type 
PMRFBG are simulated and analyzed.  

When photons in a disordered medium propagate, 
some will escape from the gain medium to as optical loss 
due to scattering, and some undergo multiple scatterings 
to form a closed loop in the medium. Light in the me-
dium is confined in a certain volume and cannot continue 
to propagate anymore and thus would excite random 
laser as a result of the photon localization effect[10] as 
shown in Fig.1(d). The strength of the photon localiza-
tion can be described by a localization parameter blt, 
where b is the equivalent light wave vector in a disor-
dered medium, and lt is the mean free path of the trans-
port in a disordered medium. The smaller blt is, the 
stronger photon localization is. Only when the length of 
RFBG is larger than the photon localization length can 
the effective output of the RFBG laser be guaranteed. 
The overall transmittance of grating T(L) can be ex-
pressed as[18] 

( ) exp( / 2 ),T L L �� �                         (1) 
where L is the length of RFBG, and ξ is the length of 
photon localization.

    
Fig.1 (a) Schematic of the PMRFBG random array; (b) Optical fiber photon localization effect; (c) Panda-type 
PMRFBG array; (d) Bow tie-type PMRFBG array 
 

  A grating fabricated on a PMF can be taken as a Bragg 
grating fabricated on both its fast and slow axes (referred 
to as X and Y axes, respectively) due to its unique struc-
ture. Its grating period Λ is the same but its effective re-
fractive indices along the X and Y axes are different 
which are denoted as eff

xn and eff
yn , respectively. Its light 

propagation is schematically illustrated in Fig.1(a). Light 
travels slower along the X-axis than the Y-axis. Accord-
ing to the FBG[19] principle, the central wavelengths cor-
responding to the X-axis and Y-axis of PMFBG respec-
tively can be expressed as follows[20] 

B eff B eff2 , 2 .x x y yΛn Λn� �� �                     (2) 

According to FBG coupling mode theory, the R(λ) of 
light reflected by FBG can be expressed as 
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where ζ is the self-coupling coefficient, and κ is the 
cross-coupling coefficient. ζ and κ are written as 
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where s is the refractive index modulated fringe visibility, 
and δneff is the effective refractive index modulation. 

For PMFBG, the cross-coupling coefficient of the 
X-axis and Y-axis is the same, while the self-coupling 
coefficient is different. The self-coupling coefficient can 
be expressed as follows 
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where ζx is the self-coupling coefficient of the X-axis, 
and ζy is the self-coupling coefficient of the Y-axis. By 
substituting Eqs.(3) and (4), the reflection spectrum can 
be expressed as follows
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The randomly distributed feedback characteristics of 
the PMFBG array are investigated using the transfer ma-
trix method. Assuming that all gratings in the array have  
the same length and refractive index, the spacing Li be-
tween the gratings varies randomly.  

Consider each grating and the trailing spacer fiber as a 
basic unit. Assuming that the length of a single grating is 
R0, the transmission matrix Wg of the ith grating in the 
PMRFBG array can be expressed as
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where 2 2
x xΩ � �� � , and 2 2

y yΩ � �� � . When light 

passes through the spacer fiber of length Li in the ith unit, 
only the phase changes, and its transfer matrix is ex-
pressed as follows 
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where G=exp(ikxLi)+exp(ikyLi),V=exp(−ikxLi)+exp(−ikyLi), 
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The transfer matrix of the unit composed of grating  
and spacer fiber can be expressed as follows 
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The amplitude reflectance of the unit can be expressed as follows  
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The amplitude transmittance of the unit can be expressed as follows 
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The relationship between the transfer matrix of a cell 

and its amplitude transmittance and reflectance can be 

expressed as follows  
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The overall transfer matrix of all Q units can be ex-
pressed as follows 
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TM and RM are the overall amplitude transmittance and 
reflectance of the grating array, respectively. The reflec-
tance of light intensity and transmittance of a single unit 
are denoted as ρ=|r|2 and τ=|t|2, respectively. The light 
intensity transmittance and light intensity reflectance of 
the corresponding array composed of M gratings with the 
same characteristics are τM=|TM|2 and ρM=|RM|2, respec-
tively. 

When there are enough gratings in the array, the 
transmittance can be expressed as[21] 
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The cross-section of the designed panda-type PMF is 
shown in Fig.2(a). The distance between the two stress 
holes is L1=52 μm, and the radii of the core and clad are 
Rcore=5 μm and Rclad=65 μm. The thermal expansion co-
efficients of the fiber core, cladding, and stress zone are 
expressed as A=1.07×10-6, B= 5.38×10-5, and C=2.02×10-6, 
respectively. For unstressed panda-type PMF, the refrac-
tive indices of the core and clad are ncore=1.458 2 and 
nclad=1.452 8. The cross-section of the designed bow 
tie-type PMF is shown in Fig.2(c). The distance between 
the two stress holes is L2=13 μm, the radii of the core and 
clad are Rcore=5 μm and Rclad=65 μm, and the stress zone 
is formed by subtracting 1/4 circles with radii of 47.5 μm 
and 6.5 μm, respectively. Other parameters are the same 
with panda-type PMF. 

The influence of stress on the optical properties of 
PMF is widely acknowledged, rendering PMF highly 
susceptible to temperature fluctuations[22]. The structural 
composition of panda-type and bow tie-type PMF differs 
significantly, with the latter requiring higher tempera-
tures to achieve superior polarization maintenance per-
formance. Therefore, thermal stress distributions of 
panda-type and bow tie-type PMF cross sections upon 
ramping up to 1 100 °C and 1 150 °C from room tem-
perature, respectively, are first analyzed, as shown in 
Fig.3. The change of temperature will cause the uneven 
distribution of stress in the fiber core, resulting in bire-
fringence, which results in the different effective refrac-
tive index of fast axis and slow axis respectively. 

By analyzing and solving the electric field mode of 
panda-type PMF, it can be obtained that 

eff 1.454 992,�xn eff 1.454 567,�yn that is, the mode bire-

fringence coefficient is B=4.25×10-5. The mode field 
distributions are shown in Fig.4(a—d). By analyzing and 
solving the electric field mode of bow tie-type PMF, it 
can be obtained that eff 1.456 162 2,�xn eff 1.455 573 5,�yn  

that is, the mode birefringence coefficient is 

B=5.887×10-5. The mode field distribution is shown in 
Fig.4(e—h). As can be seen from Fig.4, random grating 
arrays are prepared on the two-type PMFs respectively, 
which can make the light energy extremely locked at the 
core propagation.  

 

 

Fig.2 (a) Cross-section of panda-type PMF and (b) its 
meshing diagram using FEM; (c) Cross-section of 
bow tie-type PMF and (d) its meshing diagram using 
FEM 
 

 

Fig.3 Thermal stress distributions of (a, b) panda-type 
PMF and (c, d) bow-tie-type PMF cross-sections at (a, 
b) 1 100 °C and (c, d) 1 150 °C  

The lengths, the modulation depths of refractive index, 
the period, and the random grating spacings of bothpanda- 
and bow tie-type PMFBGs are taken as 1 mm, 6.5×10-5, 
0.739 6 μm, and 4—6 mm, respectively to explore the 
influences of increasing the number of gratings on the 
reflection spectrum of the panda-type. For a comparative 
study, 19 bow tie-type PMFBG cascades were set. In the 
simulation process, the increase of grating number is 
based on the previous basis, and the parameters of all 
gratings are consistent.  

As shown in Fig.5(a—e), with the increased number of 
panda-type PMFBGs, the overall reflectance and feedback
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intensity increases, and the reflection peak number in-
creases as well. The reflectance at the central wavelengths 
along two axes increases almost in the same way, as shown 
in Fig.5(g) and (i). Since the birefringence coefficient of 
bow tie-type PMRFBG is higher, the central wavelength 
difference between the two axes is more obvious at 

2 153.08 nm and 2 153.96 nm, respectively, as shown in 
Fig.5(f). The jump for full width at half maximum (FWHM) 
could be ascribed to the superposition randomness of in-
terference spectra in PMRFBG. It is therefore reasonable to 
conclude that the bandwidth is narrow or broad depending 
on a small or large coincidence.  

 

 

Fig.4 (a, c, e, h) Longitudinal and (b, d, f, g) transverse (a, b, e, f) electric and (c, d, g, h) magnetic field distribu-
tions of (a—d) panda-type and (e—h) bow tie-type PMF cross-sections  

 
We can find that a too-large number of gratings would 

cause a too-high density of reflection peaks for PMRFBG, 
which therefore deteriorates the output performance of 
the laser. 

By varying the refractive index modulation depths  
with other parameters taken above, the change of reflec-
tion spectrum for panda-type PMRFBG can be investi-
gated as shown in Fig.6(a—e). The modulation depth of 
bow tie-type PMFBG is 6.5×10-5.   

The increase of the modulation depth of single 
panda-type PMFBG results in the increase of both the 
overall reflectance and feedback intensities, as revealed 
in Fig.6 (a—e). Also, Fig.6(h) and (j) show the increase 
of FWHM of reflection peaks along both X and Y axes 
with the grating modulation depth. This could be the 
result of an increased overlap of the increased dou-
ble-wing satellite peaks around the interference peak.  

Through simulation, the overall feedback intensity and 
density of the reflected spectra of the panda-type 
PMRFBG were positively correlated with the modulation 
depths of the refractive index. Considering the threshold 
of laser output and avoiding feedback saturation, the 
refractive index modulation depth of a single grating 
cannot be too low or too high. 

Similarly, the modulation depths of single panda-type 
PMFBG and bow tie-type PMRFBG are set to be 4×10-5 
and 6.5×10-5, respectively, and the number of cascaded 
gratings is 19, with the same other parameters above. 
The effect of single panda-type PMFBG length on its 
reflection spectrum was investigated as shown in Fig.7. 

The length of bow tie-type PMFBG is 1 mm. 
It can be seen that the increase of single panda-type 

PMFBG length also increases the overall reflectance and 
feedback intensity, but almost has no effect on the center 
wavelength, as shown in Fig.7(a—e). Moreover, the re-
flectance at the central wavelengths along two axes in-
creases in almost the same way, as revealed in Fig.7(g) 
and (i). Likewise, since the birefringence coefficient of 
bow tie-type PMRFBG is superior, the difference in the 
center wavelength is more obvious, as shown in Fig.7(f). 
Interestingly, the same grating length results in a greater 
modulation depth for bow tie-type PMRFBG compared 
to panda-type PMRFBG, which therefore causes its 
stronger overall feedback. Fig.7(h) and (j) show that the 
increase of single panda-type PMRFBG length reduces 
continuously the FWHM along X and Y axes in a similar 
way. For a constant period, the longer the grating length 
is, the smaller the FWHM is. Therefore, like a grating 
number, a single PMFBG length should also be moderate, 
which will be favorable for optimizing the mode selec-
tion performance of PMRFBG, and thus the narrow 
linewidth laser output.  

Assuming that the modulation depth of individual 
panda-type PMFBG and bow tie-type PMFBG is 6.5×10-5, 
the length is 1 mm, the period is 0.739 6 μm, and the 
number of cascaded gratings is 19. The effect of-
panda-type PMFBG spacing on the reflection spectrum 
of panda-type PMRFBG was studied. The random inter-
val of bow tie-type PMFBG is 4—7 mm. 
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Fig.5 (a—e) Change of the reflection spectrum for panda-type PMRFBG with an increasing number of cascaded 
gratings; (f) Spectrogram of bow tie-type PMRFBG with 19 gratings; Changes of the reflectance of light at the 
central wavelengths along (g) X and (i) Y axes against the increase of cascaded gratings number for panda-type 
PMRFBG; FWHMs of their reflectance maxima along (h) X and (j) Y axes with the increase of cascaded gratings 
number 
 

According to the F-P principle, the separation between 

two neighboring peaks can be written as
2

2nh
�

�� � . 

Therefore, the increased spacing leads to a narrowed 
span of the free spectrum, accompanied by densifying 
and sharpening of reflection peaks, as can be seen in-
Fig.8(a—e). The peaks coherently interfered in terms of 
the F-P mechanism would be further superimposed to 
form more interference peaks. However, the reflectances 
along the X and Y axes remain unchanged, as shown in 
Fig.8(g) and (i). Since the birefringence coefficient of bow 
tie-type PMRFBG is superior, the difference in he center 
wavelength is more obvious, as shown in Fig.8(f). As 
shown in Fig.8(h) and (j), with the increase of the 

panda-type PMRFBG spacing, the t FWHM of the X and Y 
axes finally showed a decreasing trend, and the floating 
changes of the two were relatively small. In the actual 
design process, a smaller FWHM can be obtained by 
increasing the integer spacing appropriately. 

In order to compare with PMF, the random grating is 
also prepared on common SMF, as shown in Fig.9. Five 
gratings with a reflectance of 3% were separated at a 
random interval of 4—6 mm, and the calculated spatial 
intensity distribution was consistent with the theoretical 
study, as shown in Fig.9(b).  

Assuming that the length of a single FBG is 1 mm, the 
refractive index modulation depth is 6.5×10-5, the effec-
tive refractive index neff is 1.446 234, the period is  
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Fig.6 (a—e) Change of the reflection spectrum for panda-type PMRFBG with increasing modulation depths of 
refractive index; (f) Spectrogram of bow tie-type PMRFBG with modulation depths of refractive index at 6.5×10-5; 
Changes of the reflectance of light at the central wavelengths along (g) X and (i) Y axes against the increase of 
refractive index modulation depths for panda-type PMRFBG; FWHMs of their reflectance maxima along (h) X and 
(j) Y axes with the increase of refractive index modulation depths  
 
0.739 6 μm, and the grating spacing is randomly selected 
at 4—6 mm to explore the influence of the different 
number of FBGs on the RFBG reflection spectrum. 

As shown in Fig.10(a—f), with the increase in the 
number of cascaded gratings, the overall reflectance, 
and the overall feedback intensity increase, and the den-
sity of the reflection peak increases. The reflectance of 
the central wavelength increases with the number of 
cascaded gratings. When the number of gratings reaches 
48, the central wavelength reflectance approaches 100% 
as shown in Fig.10(g). Because of the randomness of 
interference, the increase or decrease of FWHM of 
RFBG is uncertain, as shown in Fig.10(h).  

Assuming that the length of a single FBG is 1 mm, the 

number of cascaded gratings is 19, the effective refrac-
tive index neff is 1.446 234, the period is 0.739 6 μm, and 
the grating spacing is randomly selected at 4—6 mm. 
The effect of the refractive index modulation depth of a 
single FBG on the RFBG grating reflection spectrum 
was investigated. 

As shown in Fig.11(a—f), with the increase of the 
modulation depth of a single FBG, the overall reflec-
tance and the overall feedback intensity increase. 
When the modulation depth is 30.5×10-5, band-pass 
spectra appear, and the mode competition becomes 
very serious, which is not suitable for the single lon-
gitudinal mode output of the laser. Therefore, the 
modulation depth of a single FBG should not be too 
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Fig.7 (a—e) Change of the reflection spectrum for panda-type PMRFBG with an increasing length of individual 
grating; (f) Bow-tie PMRFBG spectrum with a single grating length of 1 mm; Changes of the reflectance of light at 
the central wavelengths along (g) X and (i) Y axes against the increase of grating length for panda-type PMRFBG; 
FWHMs of their reflectance maxima along (h) X and (j) Y axes with the increase of grating length  
 
large. The variation of the reflectance of the resonant 
wavelength is shown in Fig.10(g). FWHM gradually 
increases with the increase of modulation depth, as 
shown in Fig.10(h). 

Assuming that the modulation depth of a single FBG 
is 6.5×10-5, the number of cascaded gratings is 19, the 
effective refractive index neff is 1.446 234, the period is 
0.739 6 μm, and the random interval of gratings is 
4—6 mm. The effect of the length of a single FBG on the 
RFBG grating reflection spectrum was investigated.  

As shown in Fig.12(a—f), with the increase in the 
length of gratings, both the total reflectance and the total 
feedback intensity increase, and the density of the reflec-
tion peak also increases. The FWHM decreases with the 
increase of grating length, which is the same as that of 
single grating FWHM, as shown in Fig.12(h). The length 

of the grating has no effect on the center wavelength of 
the grating. 

Assuming that the modulation depth of a single FBG 
is 6.5×10-5, the length of a single FBG is 1 mm, the ef-
fective refractive index neff is 1.446 234, the period is 
0.739 6 μm, and the number of cascaded gratings is 19. 
The effect of grating spacing on the reflection spectrum 
of RFBG was studied.   

It can be seen from Fig.13(a—f) that with the increase 
of grating spacing, the density of reflection peaks is in-
creasing and the number of reflection peaks is increasing, 
which conforms to the interference principle of the F-P 
cavity. As shown in Fig.13(g), the increase in the spacing 
has no significant effect on the reflectance of the grating. 
The FWHM of resonant wavelength decreases overall, 
but fluctuates up and down due to the occurrence of 
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interference, as shown in Fig.13(h). The linewidth can be 
narrowed by increasing the spacing appropriately. The 

proposed RFBG and PMRFBG are compared with pre-
vious relevant reports, as shown in Tab.1. 

 
Fig.8 (a—e) Change of the reflection spectrum for panda-type PMRFBG with increasing grating spacing; (f) 
Bow-tie PMRFBG spectrum with grating spacing of 4—7 mm; Changes of the reflectance of light at the central 
wavelengths along (g) X and (i) Y axes against the increase of grating spacing for panda-type PMRFBG; FWHMs 
of their reflectance maxima along (h) X and (j) Y axes with the increase of grating spacing  
 

 
Fig.9 (a) Schematic diagram of single-mode RFBG array; (b) Calculated spatial intensity distribution inside RFBG  
 

In conclusion, the overall feedback intensity and den-
sity of the reflected spectra of the panda-type PMRFBG 
and RFBG were positively correlated with the number of  

 
cascaded gratings, the depth of modulation, and the 
length of the individual grating. Grating spacing is posi-
tively correlated with reflectance spectral density but has
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Fig.10 (a—f) Variation of the reflection spectrum of RFBG with an increasing number of cascaded gratings; (g) 
Reflectance of the RFBG center wavelength changes with the increase of the number of cascaded gratings; (h) 
FWHM of the reflection peak with the largest reflectance in RFBG changes with the increase of the number of 
cascaded gratings 

 

Fig.11 (a—f) Variation of the reflection spectrum of RFBG with increasing modulation depth of individual grating; 
(g) Reflectance of the central wavelength of RFBG varies with the increase of the modulation depth of individual 
grating; (h) FWHM of the reflection peak with the largest reflectance in RFBG changes with the increase of the 
grating modulation depth of a single FBG  

 

 

Fig.12 (a—f) Variation of the reflection spectrum of RFBG with the increasing length of the individual grating; (g) 
Reflectance of the RFBG center wavelength varies with the length of a single grating; (h) FWHM of the reflection 
peak with the largest reflectance in RFBG changes with the increase of the grating length of a single FBG 
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Fig.13 (a—f) Variation of the reflection spectrum of panda-type PMRFBG with increasing grating spacing; (g) 
Reflectance of RFBG center wavelength changes with the increase of grating spacing; (h) FWHM of the reflection 
peak with the largest reflectance in RFBG changes with the increase of grating spacing 
 

Tab.1 Comparison of parameters between the designed core components and previous related reports 

Designer Core components 

Grating number 

(The number of 

cascaded gratings) 

Grating length 

(The length of a 

single grating) 

Modulation depth of re-

fractive index 

(A single grating) 

Grating spacing 

(The distance between two 

adjacent gratings) 

Proposed 
Panda type RFBG+bow-tie 

type RFBG+RFBG 

12—24 PMFBGs 

6—48 FBGs 

1—3 mm PMFBG 

1—3.5 mm FBG 

3.5×10-5—15.5×10-5 

PMFBG 

3.5×10-5—30.5×10-5 FBG 

1—10 mm PMFBG 

1—1.2 mm FBG 

Ref.[23] RFBG 30 FBGs 3 mm / 30—80 mm 

Ref.[12] RFBG 20 FBGs 1.19 mm / 0.2—1.9Π 

Ref.[24] RFBG 2 000 FBGs 0.025 mm / 0—0.002 5 mm 

Ref.[25] RFBG 15 FBGs 2 mm / 2—7 mm 

 
essentially no effect on overall feedback intensity. The 
four parameters also affect the FWHM of the panda-tupe 
PMRFBG and RFBG. The designed PMRFBG array 
provides theoretical support for the design of 
dual-wavelength and wavelength switchable output of 
RFLs based on the random feedback provided by the 
PMRFBG array. 
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